Abstract. Acute promyelocytic leukemia (APL) is a common subtype of acute myeloid leukemia in China. Since the application of arsenic trioxide and all-trans retinoic acid in the treatment of APL, the prognosis has greatly improved. However, ~20% of patients with APL relapse upon completing chemotherapy. Decreasing the relapse rate and incidence of early mortality may pose the greatest challenges for the future management of APL. Recently, Ets variant 6 (ETV6) was reported to be involved in a variety of translocations associated with hematological malignancies of myeloid and lymphoid origin. To date, little is known about the clinical implication of ETV6 rearrangement in APL. In the present study, ETV6 rearrangement was examined by split-signal fluorescence in situ hybridization in 258 adults with APL, and its association with the clinical features and outcomes of the patients was analyzed. The data suggested that ETV6 rearrangement may be an independent unfavorable prognostic factor for overall survival in APL patients.
Introduction
Acute promyelocytic leukemia (APL) is a distinct subtype of myeloid leukemia with particular clinical and biological characteristics, including a high mortality rate in newly diagnosed patients and the presence of t(15;17)(q22;q12-21), a chromosome reciprocal translocation between the long arms of chromosomes 15 and 17 (1, 2) . APL is currently considered to be a highly curable disease. However, decreasing early mortality (EM) prior or during induction therapy, and improvement of long-term stabilization and cure of APL patients remain major causes of treatment failure in APL (3) . The current risk-stratification system for APL is mainly based on the white blood cell (WBC) and platelet counts (4) . There are numerous reports about the prognostic impact of additional molecular biomarkers, including Fms-related tyrosine kinase 3 (FLT3), c-Kit and nucleophosmin, in APL (5, 6) . FLT3 mutations have been confirmed to be a poor prognostic molecular marker (5, 7) .
The Ets variant 6 (ETV6) gene, which is mapped to 12p13, is a transcription factor of the E26 transformation-specific (ETS) family that plays a versatile role in hematological malignancies (8) . ETS family members are essential for hematopoietic processes, including cell proliferation, differentiation, migration and apoptosis, as well as tissue remodeling, angiogenesis and hematopoiesis (9) . High expression of members of the ETS family of transcription factors is closely associated with poor disease-free survival and overall survival (OS) in various hematological malignancies (8) . Chromosomal translocations involving the ETV6 gene have been identified in multiple hematological malignancies characterized by the fusion of ETV6 to different partner genes, including Abelson murine leukemia viral oncogene homolog 1 (ABL1), acute myeloid leukemia (AML)1, myelodysplasia syndrome (MSD)1, meningioma (disrupted in balanced translocation) 1, 1-aminocyclopropane-1-carboxylate synthase 2, Janus kinase 2, six-twelve leukemia and neurotrophic tyrosine kinase, receptor, type 3 (10) (11) (12) (13) (14) (15) (16) (17) .
The present study investigated the presence of ETV6 rearrangement in 258 patients with APL using split-signal fluorescence in situ hybridization (FISH), and explored its prognostic impact. The results identified abelson-related gene (ARG, also known as ABL2) as an ETV6 fusion partner by reverse transcription-polymerase chain reaction (RT-PCR) analysis in 1 case of APL. The present study is the second to report an APL patient with ETV6/ARG rearrangement, following the first case reported by Iijima et al (18) . To the best of our knowledge, the present study is the first to address the prognostic implication of ETV6 involvement in patients with APL. (19) and World Health Organization classification (1) . The bone marrow samples were collected at the time of diagnosis. A total of 30 normal marrow donors were also enrolled in the study for comparison purposes. All patients provided informed consent for the use of their laboratory data in the present study, which was approved by the ethics commitee of Binzhou Medical University Hospital.
Significance of ETV6 rearrangement in
Bone marrow cell culture and cytogenetic study. Bone marrow specimens were acquired from patients in the absence of stimuli caused by drugs such as colony stimulating factor, and cultivated for 16-24 h prior to harvesting the cells. Bone marrow cell chromosomes were conventionally prepared and analyzed by R-banding (20) . Karyotype abnormalities were identified and described according to the International System for Human Cytogenetic Nomenclature (1995) (21) .
Split-signal FISH analysis. Split-signal FISH analysis was applied to the chromosome samples of the aforementioned 258 APL patients, according to the manufacturer's protocol. Briefly, bacteria artificial chromosome (BAC) clones (RP11-434C1 and RP11-525I3) containing the ETV6 gene (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) were amplified by PCR (15) , and DNA was extracted using a plasmid DNA extraction kit (Qiagen GmbH, Hilden, Germany). Selected BAC sequences on either side of ETV6 were used as probes, and labeled with DIG-Nick Translation Mix (Roche Diagnostics, Basel, Switzerland) and Biotin-Nick Translation Mix (Roche Diagnostics). The labeled probes (termed DIG525I23 and Bio407P10, respectively) were then purified with Quick Spin Columns (Roche Diagnostics), and produced red and green fluorescence signals, respectively, under a fluorescence microscope (Axio Imager.A1; Zeiss GmbH, Jena, Germany). All subsequent hybridization procedures were performed as previously described (15) .
Flow cytometry immunophenotyping.
Of the 258 patients with APL, 228 bone marrow samples were sent to Guangzhou Jinyu Medical Science Inspection Center (Guangzhou, China) for flow cytometry immunophenotyping analysis, while the remaining samples were analyzed at the Central Laboratory of Binzhou Medical University Hospital. Bone marrow samples from APL patients were collected at the time of diagnosis in tubes containing heparin (Taixing Biological Chemical Co., Ltd., Shijiazhuang, China) to avoid coagulation. Flow cytometry analysis of the bone marrow specimens was performed with a flow cytometer (FACSCalibur, BD Biosciences, Franklin Lakes, USA), according to standard immunofluorescence methods (22) . Briefly, fluorescein and phycoerythrin-labeled mouse anti-human monoclonal antibodies (LSBio; LifeSpan Biosciences, Inc., Seattle, WA, USA) against myeloperoxidase (MPO), cluster of differentiation (CD)33, CD13, CD117, CD34 and human leukocyte antigen-antigen D related (HLA-DR) (5-10 µl) were mixed with heparin-anticoagulated bone marrow samples (~50 µl) and incubated at 4℃ for 30 min, prior to the addition of 2 ml cell lysis solution (Shanghai Weiao Biotech Ltd., Shanghai, China). The mixture was placed at room temperature for 10 min upon being subjected to vibration, and then washed with distilled water and phosphate-buffered saline (PBS). Next, 0.5 ml PBS was added to the samples, which were subsequently analyzed by flow cytometry.
RT-PCR. The ETV6/ARG fusion gene was detected by RT-PCR in patients with ETV6 rearrangement. Total RNA was extracted from mononuclear cells isolated from bone marrow samples of patients with APL using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). Complementary DNA was synthesized by RT using a reaction mixture that consisted of total RNA, random hexamer primer, 5X RT buffer, deoxyribonucleotide triphosphates (provided in the RT-PCR kit; Hangzhou Sijiqing Biological Engineering Materials Co., Ltd., Hangzhou, China) and M-MLV Reverse Transcriptase (Promega Corporation, Madison, WI, USA) on a PCR system. Nested PCR was performed for amplification of the ETV6/ ARG fusion gene, with specific forward primers for ETV6 (F1 5'-ATC GGG AAG ACC TGG CTTACA-3' and F2 5'-TGA AGA GCA CGC CAT GCC CAT TG-3') and specific reverse primers for ARG (R1 5'-TGC CTG GGG TTC AAC ATCAC-3' and R2 5'-TA-CTG CCT CCA GTC TTG TCT-3'). In the first step of the reaction, the above primers, which were used as outer primers, may bind to alternative, similar primer binding sites, potentially resulting in multiple products; however, only one of those would carry the intended sequence. In the second step of the reaction, inter primers were used, which were designed according to the sequences of the preceding primers. The inter primers (ETV6 F1 5'-GGG AAG ACC TGG CTT-3' and F2 5'-AGA GCA CGC CAT GCCCA-3'; and ARG R1 5'-CTG GGG TTC AACAT-3' and R2 5'-TGC CTC CAG TCTTG-3') were shorter than the outer primers. Primers were purchased from Sangon Biotech Co., Ltd.(Shanghai, China), and the reaction was conducted in a 9700 Applied Biosystems thermocycler (Thermo Fisher Scientific, Inc.), using the following cycling conditions: Incubation at 94℃ for 4 min, followed by 36 cycles of denaturation at 94℃ for 45 sec, annealing at 58℃ for 45 sec and polymerization at 72℃ for 45 sec. In the second step, the PCR products from the first reaction were subjected to a second PCR with a different set of primers, using the following cycling conditions: Incubation at 95℃ for 2 min, followed by 36 cycles of denaturation at 95℃ for 45 sec, annealing at 60℃ for 45 sec and polymerization at 72℃ for 30 sec. The amplifed products were subjected to electrophoresis in 1.5% agarose gels (Bio-Rad Laboratories, Inc., Hercules, CA, USA) containing ethidium bromide (Sangon Biotech Co., Ltd.), and visualized under ultraviolet light in a gel documentation system (Invitrogen; Thermo Fisher Scientific, Inc.). The electrophoresis equipment, buffers and markers used were obtained from Invitrogen (Thermo Fisher Scientific, Inc.).
Statistical analyses. APL samples were divided into two groups, namely ETV6 rearrangement-positive and ETV6 rearrangement-negative groups. Continuous and discrete patients' variables were compared using Mann-Whitney U test or Wilcoxon rank sum test and χ 2 test, respectively. P<0.05 was considered to indicate a statistically significant difference. OS was measured from the date of first diagnosis to mortality from any cause or last follow-up. Relapse was defined as a reappearance of t(15;17)/promyelocytic leukemia/retinoic acid receptor alpha. Patients who succumbed to the disease within 15 days of diagnosis were defined as early mortality (EM). To exclude confounding influence of different treatment regimens, all patients were included in the analysis of the association between ETV6 expression and clinical characteristics. By contrast, only those patients receiving conventional standard chemotherapy [daunorubicin (Zhejiang Haizheng Pharmaceutical Co. Ltd. (Zhejiang, China); 40 mg/m 2 /day on days 1-3; and cytarabine (Zhejiang Haizheng Pharmaceutical Co. Ltd.); 100 mg/m 2 /day on days [1] [2] [3] [4] [5] [6] [7] were included in the analyses of treatment effects and survival rates. Kaplan-Meier estimation was adopted to plot the corresponding survival curves, and log-rank tests were used to examine the differences between groups. Cox proportional hazards regression models were used to determine independent risk factors associated with survival in multivariate analyses. All statistical analyses were conducted with SPSS version 16 software (SPSS, Inc., Chicago, IL, USA).
Results
Identification of ETV6 rearrangement. ETV6 rearrangements were detected in 8/258 (3.10%) cases by split-signal FISH analysis (Fig. 1 ). Of these, 1 case exhibited abnormal karyotype with 46,XY,t(15;17)(q22;q21)t(1;12)(q25;p12). However, traditional cytogenetic analysis did not identify any ETV6 rearrangement, with the exception of t(15;17). ETV6 rearrangement was not detected in any of the 30 healthy controls.
Correlation of ETV6 rearrangement with clinical features
and laboratory data in the cohort. All patients with ETV6 rearrangement displayed higher WBC counts than patients who were negative for ETV6 rearrangement (P<0.001). The mean age of the patients was significantly different between the two groups (P=0.017). Compared with patients without ETV6 rearrangement, those with ETV6 rearrangement exhibited significantly more extramedullary infiltration. Gender ratio, platelet counts and hemoglobin levels did not differ significantly between the different subgroups (P>0.05). The expression of CD34, CD117, MPO and HLA-DR was higher in patients with ETV6 rearrangement than in ETV6 rearrangement-negative patients (P<0.05). The comparison of the clinical characteristics and laboratory data of the patients with positive and negative ETV6 rearrangement is presented in Table I . within 15 days (EM), the other 7 patients with ETV6 rearrangement received traditional standard chemotherapy based on ATRA, of whom, 5 cases experienced CR. In the ETV6 rearrangement-negative group, 19 patients succumbed to disease within 15 days (EM) and 181 cases received traditional standard chemotherapy, including 162 cases of CR. There was no obvious difference in EM rates between the two groups (12.5 vs. 7.6%; P>0.999). CR rates did not exhibit significant differences between the two groups receiving standard chemotherapy or ATRA (71.43 vs. 89.50%; P=0.380). However, it is worth mentioning that 4 patients with ETV6 rearrangement relapsed within 1 year following CR. The relapse rate within 1 year was markedly different between the two groups once CR was achieved (80.00 vs. 11.11%; P<0.001). The association between ETV6 rearrangement and clinical outcome is presented in Table I . The Kaplan-Meier curve for OS revealed that the patients with ETV6 rearrangement had a significant shorter OS (P<0.001) than those without ETV6 rearrangement after a median follow-up time of 89.5 months (Fig. 2) . Cox proportional hazards regression models revealed that WBC and platelet counts, in addition to ETV6 rearrangement, were independent prognostic factors for OS in APL patients (Table II) . These findings indicated that ETV6 rearrangement was an independent unfavorable prognostic factor for APL patients (P=0.044).
Identification of ETV6/ARG fusion gene by RT-PCR and clinical implication.
The fusion partner of ETV, ARG, was identified by RT-PCR in 1 of 8 cases. RT-PCR detected ETV6/ARG fusion gene products, 2 of which were the result of an alternative splicing event in the ARG gene (Fig. 3A) . ETV6/ARG fusion gene products were not detected in the other 7 cases or healthy donors. The patient exhibiting ETV6/ARG fusion gene was a 56-year-old man, who was hospitalized at the Depart- . were used to prevent differentiation syndrome. However, his WBC count rapidly increased following oral administration of the drugs, and the patient succumbed to hematencephalon within 10 days of admission to hospital.
Discussion
The ETV6 gene (also known as TEL), which is located on chromosome 12p13 and possesses a total length of 300 kb, encoding for 452 amino acids, is a member of the ETS family of transcription regulators, and is important in hematopoietic processes and hematological malignancies (23) . ETV6 participates in the regulation of cell growth and differentiation, and stimulates erythroid differentiation of murine erythroid leukemia cells (24) . Previous studies reported that chimeric mice with ETV6 knockout embryonic stem cells exhibited defective hematopoiesis within the first week of birth (25) . ETV6 contains an ETS DNA-binding domain near its carboxy-terminus and a helix-loop-lelix (HLH) domain near its amino-terminus, which mediates homotypic or heterotypic oligomerization with other ETV6 molecules or Median survival times were ~10 and >200 months for ETV6 rearrangement-positive and negative patients, respectively. Log-rank test revealed that there was a significant difference between the two survival curves, and the survival rate of the group with ETV6 rearrangement was remarkably lower than that of the group without ETV6 rearrangement (χ 2 =21.67, P<0.001). Cum, cumulative; ATRA, all trans-retinoic acid.
A B transcription factors, respectively (23, 26) . Fusions between ETV6 and a number of different partner genes, mainly those coding for tyrosine kinases or transcription factors that are important for the initiation, progress and prognosis of disease, have been observed in various hematological malignancies (11) (12) (13) . However, little is known about its prognostic implication in APL. APL is the most common type of adult leukemia, and is currently considered to be a highly curable disease (4). Since the application of As 2 O 3 and ATRA in the treatment of APL, the prognosis has improved greatly (27) . However, improving the relapse rate and EM incidence remain the greatest challenges for the future management of APL (28, 29) . The current risk-stratification system used for APL is mainly based on the WBC and platelet counts (4) . Previous studies have indicated that certain chromosome abnormalities may be considered as important indicators for prognosis (30) . Novel molecular biomarkers may aid to improve the risk stratification of APL and to identify those patients with a particularly poor prognosis (31, 32) . In the present study, a high expression of myeloid blast-associated antigens was identified in the ETV6 rearrangement-positive group, whereas the levels of promyelocyte-specific antigens were not significantly different between the ETV6 rearrangement-positive and the ETV6 rearrangement-negative groups. Although the EM and CR rates between the two groups were not significantly different, the rate of relapse within 1 year was significantly higher in the ETV6 rearrangement-positive group than in the ETV6 rearrangement-negative group. Therefore, ETV6 rearrangement expression in the bone marrow may serve as a novel prognostic biomarker for risk stratification in patients newly diagnosed with APL.
The occurrence of ETV6 rearrangement is common in childhood lymphocytic malignancies (33) ; however, only a few rare or sporadic case reports exist concerning adult AML (34, 35) . The expression of ETV6 mutations in myeloid malignancies has been widely reported (36, 37) . However, little is known about the clinical significance of ETV6 rearrangement in APL. In the present study, ETV6 rearrangement was detected in a large cohort of 258 APL patients, of which 8 cases were positive for ETV6 rearrangement. ETV6 rearrangement is an independent unfavorable prognostic factor for OS in APL, which is secondary only to the white blood cell and platelet counts. Despite the lower overall expression rate of ETV6 rearrangement in APL, compared with other leukemia subtypes such as acute lymphoblastic leukemia (ALL), MDS or non-M3 AML, ETV6 fusion was highly expressed (5/57 patients, 8.77%) in those patients with a WBC >5,000 cells/µl. The detection of ETV6 mutation is important in patients with a WBC >5,000 cells/µl, since the loss of tumor suppressor activity is possibly the pathogenic mechanism of the mutation. ETV6 rearrangement may inhibit the growth and normal differentiation of hematopoietic progenitor cells; thus, cells remain in a primitive stage (38) .
The present study also confirmed the existence of ETV6/ARG in 1 of 8 APL patients. The patient, who exhibited a high leukocyte count, significant extramedullary infiltration features and was not sensitive to chemotherapy, succumbed to cerebral hemorrhage shortly after diagnosis. The present study is the second report of an APL patient with ETV6/ARG rearrangement. Previously, Griesinger et al (39) reported ETV6/ARG rearrangement in a case of T-cell ALL. The ARG gene is a non-receptor tyrosine kinase that, together with ABL1, is characterized by a high homology with ABL1 in its protein tyrosine kinase (PTK), Src homology (SH)2 and SH3 domains (18) . Aberrant activation of ABL and ARG downstream of several oncogenic growth factor receptors are associated with cancer progression, metastasis, drug resistance and poor prognosis (40) . Imatinib, as a tyrosine kinase inhibitor specifically targeting kinases of the ABL family, is able to inhibit cell growth via inhibition of ARG in the APL cell line HT93A (41) . As an oncogene, the ETV6/ARG fusion gene may depend on the oncogenic activity of chimeric PTK proteins by forming HLH domain-dependent homo-oligomers that result in the activation of tyrosine kinases in a ligand-independent manner (8) . The ETV6/ARG fusion protein may induce progenitor cells to differentiate into myeloid cells rather than lymphoid cells (42) . A previous in vitro study demonstrated that the ETV6/ARG oncoprotein contributes to autonomous cell growth through activating phosphorylated signal transducer and activator of transcription, leading to the upregulation of c-Myc oncogene expression (43) . The present authors have also detected ETV6 rearrangements in other hematological malignancies such as AML (non M3), lymphadenoma and multiple myeloma by split-signal FISH (44) (45) (46) (47) .
In conclusion, ETV6 rearrangement is a reproducible event in hematological malignancies, which has been detected by different investigators under different conditions in various hematological malignancies, and is closely associated with poor patient prognosis. Thus, ETV6 rearrangement may become a molecular target in the treatment of hematological malignancies. In future studies, gene sequencing, transfection, RNA interference technology and animal models could be applied to reveal the pathogenic mechanism of ETV6 gene rearrangement.
